In addition to suppressing cancer cell proliferation and tumor growth, cisplatin has been shown to inhibit tumor angiogenesis. However, the underlying mechanism remains a matter of debate. The present study addressed the impact of cisplatin on potential tumor-to-endothelial cell communication conferring an antiangiogenic effect. For this purpose, migration and tube formation of human umbilical vein endothelial cells (HUVECs) exposed to conditioned media (CM) from vehicle-or cisplatin-treated A549 and H358 lung cancer cells were quantified. Cancer cells were exposed to non-toxic concentrations of cisplatin to mimic low-dose treatment conditions. CM from cancer cells exposed to cisplatin at concentrations of 0.01 to 1 µM elicited a concentration-dependent decrease in HUVEC migration and tube formation as compared with CM from vehicle-treated cells. The viability of HUVECs was virtually unaltered under these conditions. siRNA approaches revealed cisplatin-induced expression and subsequent release of tissue inhibitor of matrix metalloproteinases-1 (TIMP-1) by lung cancer cells to be causally linked to a decrease in HUVEC migration and tube formation. Moreover, TIMP-1 upregulation and consequent inhibition of HUVEC migration by cisplatin was shown to be dependent on activation of p38 and p42/44 mitogen-activated protein kinases. Inhibition of angiogenic features was not observed when HUVECs were directly exposed to cisplatin. Similarly, antiangiogenic effects were not detectable in HUVECs exposed to CM from the cisplatin-challenged bronchial non-cancer cell line BEAS-2B. Collectively, the present data suggest a pivotal role of cisplatin-induced TIMP-1 release from lung cancer cells in tumor-to-endothelial cell communication resulting in a reduced cancer-associated angiogenic impact on endothelial cells.
INTRODUCTION
Angiogenesis is known as a hallmark of cancer progression for growth of solid tumors beyond 1-2 mm³ [1] . Rapidly growing cancers increase their vascular supply to maintain the delivery of oxygen and nutrition as well as the disposal of cellular waste. Oxygen-and nutrition-starved tumors secrete proangiogenic factors, such as vascular endothelial growth factor (VEGF), which target endothelial receptor tyrosine kinases on the surface of vessel cells to promote neovascularization [2] . At present, antiangiogenic drugs such as the VEGF antibody, bevacizumab, in addition to several small molecule VEGF receptor tyrosine kinase inhibitors (sunitinib, sorafenib, pazopanib) are an integral part of the armamentarium to combat cancer diseases [3] .
Platinum-based chemotherapy is the recommended first-line treatment for the majority of advanced inoperable Research Paper www.oncotarget.com lung cancers [4, 5] , with the exception of inhibitors of epidermal growth factor receptor (EGFR) tyrosine kinase as the first-line therapy for patients with an activating EGFR mutation [5, 6] . In particular, cisplatin has been demonstrated to elicit antiangiogenic effects in solid tumors, and has recently been shown to be effective against xenografts of renal cell carcinoma [7] , ovarian [8] [9] [10] [11] , gastric [12] , and lung cancer cells [13] [14] [15] , with the latter including tumors generated by the lung cancer cell line A549, which is also used in the current study [14, 15] . Noteworthy, animal studies performed using A549 cells were not aimed at elucidating the mechanisms of cisplatin-induced antiangiogenesis. Finally, one study further demonstrated the antiangiogenic properties of cisplatin in an in vivo alginate-encapsulated ovarian cancer cell assay [10] . However, none of these investigations have addressed a probable cisplatin-modulated tumor-toendothelial communication conferring antiangiogenesis.
In recent years, low-dose metronomic (LDM) treatment has gained interest as an effective therapeutic option with an improved safety profile [16] that targets tumor neovascularization (for review see [17] ). LDM treatment involves the continuous and frequent administration of cisplatin or other chemotherapeutic drugs at doses far below the maximum tolerated doses. Notably, in a study of cisplatin LDM treatment, dosages between 1 mg/m 2 /day and 4 mg/m 2 /day administered 5 days per week yielded the highest serum concentrations on day 26 of the course of approximately 1 and 3 µM cisplatin, respectively [18] . In another study using an LDM dosage regimen of 10 mg/m 2 twice per week, serum cisplatin concentrations of 0.8, 1.6, and 2.6 µM were measured on day 4, 11, and 25, respectively [19] . Conversely, intravenous bolus injections of cisplatin administered at the maximum tolerated dose of 100 mg/m 2 elicited total plasma levels of 20.7 µM with unbound intact cisplatin reaching a maximal plasma concentration of 10.9 µM [20] .
Data obtained in rodents have highlighted antiangiogenesis induced by LDM treatment with cisplatin as a key mechanism of its tumor-regressive effect on liver cancer [21] . Another investigation showed that LDM treatment with cisplatin reduced vessel density in a xenograft model of head and neck squamous cell carcinoma [22] and inhibited tumor growth via an antiangiogenic action in a murine model of transitional cell carcinoma [23] . The mechanism that confers low-dose cisplatininduced antiangiogenesis, however, remains unclear. Despite an inhibition of endothelial cell migration and tube formation being shown for other chemotherapeutics including docetaxel, epothilone B, and vinblastine, cisplatin was virtually inactive in this respect [24] .
Recently, we have provided evidence that cannabinoids confer tumor-to-endothelial interaction via upregulation of tissue inhibitor of matrix metalloproteinases-1 (TIMP-1) release from lung cancer cells, resulting in a decrease in angiogenic features of human umbilical vein endothelial cells (HUVECs) [25] . Considering that cisplatin has been found to similarly induce TIMP-1 as part of its anti-invasive action on cervical and lung cancer cells [26] , the present study addressed a probable TIMP-1-dependent antiangiogenic action of cisplatin at non-toxic concentrations. To this end, a tumor-to-endothelial cell interaction was investigated using the non-small cell lung cancer (NSCLC) cell lines, A549 and H358, according to a recently established protocol [25] . Here, we provide first-time proof for cisplatin-induced TIMP-1 release from lung cancer cell lines to inhibit angiogenic capacities of endothelial cells. These findings may represent a novel antiangiogenic mechanism involved in the antitumorigenic effects of lowdose cisplatin treatment.
RESULTS

Impact of cisplatin on lung cancer and bronchial epithelial cell viability
Initial experiments were carried out to monitor the toxicity of cisplatin toward cells used in the present study, with a view to excluding nonspecific toxic effects in the subsequent experiments that would assess its impact on angiogenesis. Accordingly, to provide conditions that maintain the impact of cisplatin on lung cancer cells within a non-toxic range, initial experiments were performed to determine non-toxic concentrations of the drug within the range of 1 × 10 -3 µM (A549, H358) or 1 × 10 -2 µM (BEAS-2B) and 30 µM using a WST-1 assay. The impact of cisplatin on the viability of A549 and H358 lung cancer cells was investigated following a 48-h incubation period. This treatment protocol was chosen based on recent findings that demonstrated a 48-h incubation to be sufficient for the induction of migration, viability, and tube formation of HUVECs exposed to conditioned media (CM) from cancer cells [25] . Using these conditions, cisplatin was shown to elicit profound toxic effects on A549 and H358 lung cancer cells that became statistically significant even at concentrations up from 3 µM in A549 cells and 10 µM in H358 cells ( Figure 1A, 1B) . In line with this data, cell morphology was drastically changed when A549 cells were exposed to 10 or 30 µM cisplatin for 48 h, with many floating cells and adherent cells exhibiting characteristic features of apoptosis such as membrane blebbing ( Figure 1A, right) . However, a 48-h incubation with cisplatin at concentrations ≤ 1 µM was nontoxic toward A549 and H358 cells ( Figure  1A, 1B) . The calculated IC 50 values of cisplatin´s effect on A549 and H358 cell viability were 11.3 µM and 17.8 µM, respectively. Interestingly, the human bronchial epithelial non-cancer cell line, BEAS-2B, was even more sensitive toward the toxic impact of cisplatin, with a calculated IC 50 value of 2.35 µM ( Figure 1C) . www.oncotarget.com
Impact of cisplatin on HUVEC viability and angiogenic features
In another set of experiments, the concentrationdependent effect of cisplatin on the viability and migration of HUVECs was tested following a 24-h incubation. Again, this treatment protocol was chosen based on recently published data that demonstrated a 24-h incubation to be sufficient for monitoring the migration and viability of HUVECs in response to CM from lung cancer cells [25] . In HUVECs directly exposed to cisplatin at concentrations between 0.01 µM and 1 µM for 24 h, viability and migration remained virtually unaltered ( Figure 2 ). Similar effects were observed for tube formation when HUVECs were exposed to cisplatin for 2 h (Figure 2 ).
CM from cisplatin-treated lung cancer cells confer inhibition of HUVEC migration and tube formation
Subsequently, CM obtained from lung cancer cells were tested for their effects on HUVECs. To this end, A549 cells were incubated with vehicle or cisplatin at concentrations ≤ 1 µM for 48 h. HUVECs suspended in CM from vehicle-or cisplatin-treated A549 cells were seeded on transwell chambers for analysis of migration or on 96-well plates for quantification of viability following an additional 24-h incubation period. For quantification of tube formation, HUVECs suspended in CM from A549 cells were seeded on Matrigel-coated 48-well plates for 2 h. CM from vehicle-treated A549 cells was shown to significantly increase migration, viability, and tube formation of HUVECs as compared with HUVECs exposed to vehicle-containing DMEM, below referred to as unconditioned media (UCM; Figure 3A , second triplet versus first triplet, Figure 3B ). HUVECs challenged with CM from A549 cells treated with cisplatin for 48 h exhibited a significant concentration-dependent decrease in migration ( Figure 3A , black bars) and tube formation ( Figure 3A , grey bars, Figure 3B ) as compared with CM from vehicle-treated A549 cells. In contrast, cell viability remained virtually unaltered ( Figure 3A , white bars).
To exclude a cell line-specific effect restricted to A549, H358 cells were also treated with vehicle or cisplatin for 48 h prior to CM being collected for HUVEC suspension and subsequent evaluation of angiogenic features. CM from vehicle-treated H358 cells caused a likewise significant increase in HUVEC migration and tube formation as compared with HUVECs exposed to vehicle-containing UCM ( Figure 3C , black and grey bars, second triplet versus first triplet). Although an increase in HUVEC viability became obvious, it did not reach statistical significance ( Figure 3C , white bars, second triplet versus first triplet). As expected, CM from cisplatin-treated H358 cells similarly conferred inhibition of HUVEC migration ( Figure 3C , black bars) and tube formation ( Figure 3C , grey bars) as compared with CM from vehicle-treated H358 cells. Again, viability ( Figure 3C , white bars) was not significantly altered by all cisplatin concentrations tested.
In another set of experiments, we investigated the migration of HUVECs in a co-culture system denoted as "the non-contact co-culture system" [27] . For this purpose, A549 and H358 cells were treated with vehicle or cisplatin at concentrations ≤ 1 µM for 48 h in 24-well plates. Subsequently, HUVECs were seeded into the cell culture inserts in serum-free DMEM and placed onto the cancer cells to allow migration for a further 24 h. Inhibition of HUVEC migration toward A549 was concentrationdependent, whereas cisplatin-decreased migration of HUVECs toward H358 was a threshold effect (Table 1) . Noteworthy, cisplatin in the lower chamber in the absence of lung cancer cells (Table 1 , right column) had virtually no effect on HUVEC migration.
Induction of antiangiogenic TIMP-1 by cisplatin
Based on a recent investigation by our group demonstrating that TIMP-1 is released from lung cancer cells as part of the antiangiogenic impact of cannabinoids [25] , in addition to previous findings revealing cisplatin to similarly induce TIMP-1 in lung cancer cells [26] , we focused on the contribution of TIMP-1 to the antiangiogenic effect of CM from cisplatin-treated A549 and H358 cells on HUVECs. To this end, experiments were performed to address a probable induction of TIMP-1 release from lung cancer cells into the CM in response to a 48-h incubation with 0.01 to 1 µM cisplatin. In accordance with our previous findings demonstrating that 30 µM cisplatin induces TIMP-1 in A549 cells [26] , cisplatin caused an increased release of TIMP-1 into CM from A549 at a concentration as low as 0.01 µM ( Figure 4A ). This finding was confirmed with H358 cells ( Figure 4B ). Notably, TIMP-1 protein levels in H358 cells exposed to cisplatin exhibited a saturated response at 1 µM rather than a concentrationdependent increase ( Figure 4B ). In further agreement with our previous data demonstrating MMP-2 expression to be virtually unaltered by 30 µM cisplatin in A549 cells [26] , MMP-2 levels remained unchanged in response to cisplatin treatment at 0.01-1 µM in A549 cells ( Figure 4A ). In H358 cells, however, we were unable to detect MMP-2. Real-time RT-PCR experiments with lysates obtained from A549 or H358 cells exposed to cisplatin for 8, 24, or 48 h revealed an upregulation of TIMP-1 mRNA in both cell lines ( Figure  4C , 4D). Noteworthy, the TIMP-1 mRNA induction in both cell lines did not exhibit a consistent concentrationdependent increase, likely due to the pronounced delayed TIMP-1 induction by the lowest concentration (0.01 µM).
Cisplatin-induced TIMP-1 release from lung cancer cells is causally linked to its antiangiogenic effect on HUVECs
To provide evidence of a causal link between cisplatin-induced TIMP-1 expression and the observed antimigratory and antitube-forming impact of CM from cisplatin-treated lung cancer cells on HUVECs, subsequent experiments were carried out using TIMP-1 siRNA knockdown. HUVECs were exposed to CM obtained from lung cancer cells that were treated with vehicle or 1 µM cisplatin in the presence or absence of TIMP-1 siRNA or a non-silencing siRNA control. Since serum-free vehiclecontaining medium (compare UCM groups in Figure 3 ) does not contain any components released by tumor cells, these reference groups were omitted from experiments that focused on the impact of TIMP-1 release by cancer cells on angiogenic features of HUVECs. The respective values obtained from angiogenic analyses of HUVECs exposed to CM from vehicle-treated lung cancer cells were therefore defined as the 100% control.
Our investigations revealed knockdown of cisplatininduced TIMP-1 in A549 cells to significantly inhibit the antimigratory impact of CM obtained from cisplatintreated lung cancer cells on HUVECs ( Figure 5A , black bars). A functional contribution of TIMP-1 was similarly observed as antitube-forming effects on HUVECs ( Figure 5A , grey bars). Conversely, viability was similar to vehicle control levels ( Figure 5A , white bars). Using the same treatment protocol, TIMP-1 siRNA was sufficient to profoundly inhibit cisplatin-induced TIMP-1 expression as assessed by western blotting analyses of CM from A549 cells ( Figure 5B ).
Similar results were obtained from experiments with H358 cells ( Figure 5C , 5D). Accordingly, knockdown of TIMP-1 caused a significant suppression of cisplatininduced inhibition of HUVEC migration ( Figure 5C , black bars) and tube formation ( Figure 5C , grey bars), whereas viability was not significantly altered ( Figure  5C , white bars). Western blotting experiments monitoring the knockdown efficiency using equivalent conditions to those used for A549 cells revealed H358 cells to also be sensitive toward siRNA transfection, resulting in a substantial knockdown of cisplatin-induced TIMP-1 expression ( Figure 5D ).
Mitogen-activated protein kinases confer cisplatin-induced TIMP-1 release from lung cancer cells and the subsequent antiangiogenic impact on HUVECs
Based on the results of a recent investigation reporting cisplatin-induced TIMP-1 expression to be dependent on a pathway involving the activation of p38 and p42/44 mitogen-activated protein kinases (MAPK) [26] , these targets were further focused on using the respective kinase inhibitors. To this end, Following a 48-h incubation of A549 (left) or H358 (middle) cells with vehicle or 0.01 µM to 1 µM cisplatin in serum-free DMEM, the chemoattraction of HUVECs was measured using modified Boyden chamber assays. Values in the right column refer to experiments with cisplatin (in serum-free DMEM) in the lower chamber in the absence of cancer cells (cell-free). HUVECs were resuspended in serum-free DMEM and loaded onto upper chambers. Subsequently, the upper chambers were placed into the cancer cell-containing companion plates and incubated for a further 24 h prior to the read-out of migration. Values are the mean ± SEM of n = 4).
*** p < 0.001 vs. corresponding vehicle control, one-way ANOVA plus a post-hoc Dunnett test. www.oncotarget.com A549 and H358 cells were pretreated with the p38 MAPK inhibitor, SB203580, or the inhibitor of p42/44 MAPK activation, PD98059, in the presence or absence of cisplatin. Both SB203580 and PD98059 reversed the inhibitory effect of CM from cisplatin-treated lung cancer cells on HUVEC migration ( Figure 6A and 6C, left). In accordance with the proposed role of TIMP-1 in this context, inhibition of the p38 and p42/44 MAPK pathways also conferred inhibition of cisplatin-induced TIMP-1 release by A549 ( Figure 6B , left) and H358 cells ( Figure 6D, left) . CM from A549 exposed to SB203580 and PD98059 in the absence of cisplatin did not virtually alter the migratory potential of HUVEC ( Figure 6A , right) or TIMP-1 expression in A549 cells (Figure 6B, right) . Similar results were obtained from experiments using H358 cells ( Figure 6C, 6D, right) . Although the effect of PD98059 on migration yielded statistical significance, the respective decrease was comparably low.
CM from cisplatin-treated BEAS-2B bronchial epithelial cells does not alter HUVEC migration, tube formation, or viability
To evaluate whether the observed antiangiogenic effects were restricted to a cancer cell microenvironment, the same experimental setting was used to perform experiments with non-cancer cells. For this purpose, BEAS-2B, a cell line established from the bronchial epithelium of individuals without cancer [28] , which was therefore assigned as "a normal lung epithelial cell line" [29, 30] , was used for the preparation of CM.
Similar to CM from cancer cells, CM from vehicletreated BEAS-2B cells was found to significantly increase HUVEC migration, viability, and tube formation as compared with vehicle-containing UCM (Figure 7 , second triplet versus first triplet). However, in contrast to the reduction in migration and tube formation by CM obtained from cisplatin-treated cancer cells, CM from BEAS-2B challenged with the same concentrations of cisplatin for 48 h had virtually no effect on HUVEC migration ( Figure 7A , black bars) or tube formation ( Figure 7A , grey bars). In addition, viability ( Figure 7A , white bars) was also unchanged. In agreement with the proposed inhibitory effect of TIMP-1 on HUVEC migration and tube formation, cisplatin did not alter TIMP-1 levels in CM obtained from BEAS-2B cells following a 48-h incubation period ( Figure 7B ). In the same experimental setting, MMP-2 also remained virtually unaltered when BEAS-2B cells were exposed to cisplatin ( Figure 7B ).
DISCUSSION
Recent studies have reported the antiangiogenic effects of cisplatin as an important factor contributing to its tumor-regressive action. However, publications that address the mechanism of low-dose cisplatin on the angiogenic capability of endothelial cells are rare. To date, results from these evaluations have mainly focused on the regulation of parameters linked to angiogenic processes sparing considerations of a potential tumor-to-endothelial communication. The data obtained from the present investigation provide first-time proof for cisplatin-induced TIMP-1 release from NSCLC cells as a specific cancerassociated antiangiogenic action on endothelial cells.
There are several lines of evidence supporting this notion. Firstly, CM obtained from cisplatin-treated A549 and H358 lung cancer cells were shown to cause a significant inhibition of HUVEC migration and tube formation. Secondly, knockdown of cisplatin-induced TIMP-1 expression was found to significantly attenuate the inhibition of HUVEC migration and tube formation by CM from both NSCLC cell lines challenged with cisplatin. Thirdly, blockade of the cisplatin-induced TIMP-1 release by inhibitors of MAPK signalling pathways likewise conferred a reversal of the inhibitory impact of CM from cisplatin-treated lung cancer cells. Fourthly, the observed antiangiogenic impact of cisplatin cannot be ascribed to a toxic effect since the tested cisplatin concentrations ranging from 0.01 µM and 1 µM did not cause decreased viability of either the cancer or endothelial cells. Fifthly, the observed antiangiogenic effects were not mediated via a direct action of cisplatin toward endothelial cells. Accordingly, direct exposure of HUVECs to cisplatin at concentrations up to 1 µM had virtually no effect on HUVEC migration, viability, or tube formation. Finally, the TIMP-1-inducing, and therefore antiangiogenic, impact of cisplatin could not be reproduced using CM from non-cancer bronchial epithelial cells. The current data, therefore, suggest that the indirect antiangiogenic action of cisplatin at concentrations ≤ 1 µM strictly depends on the presence of cancer cells.
The data presented here are in line with other reports that have also found cisplatin at 1 µM to leave migration and tube formation of HUVEC virtually unaltered, when HUVEC were directly exposed to the substance [7, 31] . However, it cannot be excluded that higher concentrations of cisplatin, which were not tested in the present investigation, may directly inhibit endothelial activation in our experimental system. With respect to direct antiangiogenic effects of higher cisplatin concentrations toward HUVECs, contradictory results have been reported. On one hand, cisplatin was found to have virtually no effect on HUVEC migration or tube formation when tested at a concentration of 10 µM [24] . On the other hand, a recent investigation found that cisplatin at 10 µM decreased the viability of HUVECs with an apparent IC 50 value of 2.35 µM, inhibited migration, and decreased the activities of matrix metalloproteinases (MMP)-1 and -2 [7] . Inhibition of HUVEC migration associated with the downregulation of MMP-2 was also reported in another study testing cisplatin at concentrations up to 80 µM [32] . However, the clinical relevance of in vitro data obtained with cisplatin at concentrations up to 100 µM was recently criticized [33] in view of the fact that intravenous bolus injections of cisplatin administered in humans at maximum tolerated doses of 100 mg/m 2 elicited total plasma levels of unbound cisplatin of 10.9 µM with a half-life of < 1 h [20] . Collectively, discrepancies in the findings may at least in part be explained by differences in experimental details. Considering that cisplatin at 1 µM has been demonstrated to elicit moderate toxic effects on VEGFstimulated human dermal microvascular cells (HDMEC) [34] , it is tempting to speculate that the results of such analyses are dependent on the endothelial cell type.
In previous years, TIMP-1 has been demonstrated to be a pivotal antiangiogenic factor in numerous biological systems [35] [36] [37] [38] [39] [40] . Recently, this notion was substantiated by experiments from our group revealing that recombinant TIMP-1 inhibits migration and tube formation of HUVECs [25] . However, the exact mechanism by which TIMP-1 released from cancer cells causes inhibition of migration and tube formation of HUVECs remains to be clarified. On one hand, the inhibition of MMP-2, a major target of the inhibitory action of TIMP-1, may confer blockade of HUVEC migration by cisplatin as previously described [32] . On the other hand, several investigations have reported TIMP-1 to elicit effects independent of its proteolysis altering actions [41] [42] [43] [44] . Another possible mechanism of action of TIMP-1 may be the inhibition of MMP-9, knockdown of which has previously been found to provide a cellular switch from a migratory to a stationary phase via paxillin/RhoA-dependent cytoskeletal reorganization and stabilization of the β-catenin/Ecadherin complex [45] . In accordance with a proteolysisindependent action, several groups have found alterations in migration elicited via modulation of the MMP/TIMP system even when uncoated chambers were used [45] [46] [47] .
Interestingly, a recent report found HUVEC migration to be virtually unaltered when CM from A549 cells treated with 5 µM cisplatin was used as the chemoattractant in the lower companion plate [48] . This is in accordance with the results from our present experiments where cisplatin added to the lower chamber of a modified Boyden chamber system as the chemoattractant, without cancer cells, did not exert an inhibitory effect on HUVEC migration. With respect to these data, the findings of the present study using CM from cisplatin-treated lung cancer cells in the upper chamber favor the hypothesis that cisplatin acting via increased TIMP-1 release most likely confers interference with cellular motility rather than with chemoattraction of endothelial cells. Notably, when using vehicle-or cisplatin-treated A549 and H358 cells in the lower chamber as the chemoattractant, we also observed an inhibitory effect of cisplatin on the migration of HUVECs suspended in serum-free DMEM. This effect may be due to the impaired motility as a result of TIMP-1 entering the upper chamber during the 24-h migration phase of the experiment. However, the inhibitory effect of cisplatin in this experimental setting did not yield the efficacy as compared with the conventional setting using HUVECs suspended in CM on the upper chamber. One possible explanation is that TIMP-1 released by cancer cells during the prior 48-h cisplatin treatment more effectively blocks migration if HUVECs are immediately exposed to the total TIMP-1 content of CM prior to being subjected to the upper chamber.
Noteworthy, in the present study, the basal release of TIMP-1 from vehicle-treated A549 or H358 cells had no influence on basal CM-induced angiogenic features of HUVECs. Accordingly, TIMP-1 siRNA knockdown, which caused partial inhibition of basal TIMP-1 expression, did not further increase migration, viability, or tube formation of HUVECs as could have been expected from the antiangiogenic effect of TIMP-1.
Since angiogenesis is a multistep mechanism, additional intercellular regulations involved in cisplatininduced antiangiogenic responses appear feasible. Accordingly, MMP-2 downregulation does not exclusively occur in endothelial cells [6, 30] , but has also been shown to occur in lysates and culture media from cancer cells such as glioblastoma cells exposed to 25 µM cisplatin [49] . However, the effects of cisplatin on members of the MMP family in cancer cells are obviously inconsistent. In a study by our group revealing TIMP-1 induction as a crucial factor in the anti-invasive action of cisplatin on cervical carcinoma cell lines, as well as on A549 cells, cisplatin at 30 µM had virtually no effect on MMP-2 expression [26] , which is in line with the experiments regarding MMP-2 regulation by cisplatin in A549 cells presented here. Noteworthy, in this previous study, 30 µM cisplatin caused no significant alterations in MMP-9 or TIMP-2 expression in cervical carcinoma cells or in TIMP-2 expression in A549 cells. On the other hand, in vivo experiments using a rodent model of liver cancer demonstrated that LDM treatment with cisplatin resulted in reduced levels of VEGF and MMP-2 [21] . Downregulation of VEGF as a possible mechanism underlying the antiangiogenic action of cisplatin was furthermore validated in ovarian cancer xenografts [8] .
Furthermore, decreases in VEGF and hypoxia-inducible factor 1α (HIF-1α), a major transcription factor implicated in tumor neovascularization, were found to be associated with a cisplatin-induced reduction in vessel density in a Lewis lung carcinoma model [50] . A contribution of the HIF-1α/VEGF axis to cisplatin-induced antiangiogenesis was additionally reported for lung cancer cell lines containing exon 19 deletions in the epidermal growth factor receptor (EGFR) [13] . However, with respect to the data presented here, a probable contribution of cisplatininduced VEGF downregulation to antiangiogenesis appears unlikely since a previous study could not detect VEGF downregulation in A549 xenografts of cisplatintreated mice [14] . In the latter investigation, cisplatin reduced tumor neovascularization despite the lack of VEGF-lowering properties, suggesting alternative mechanisms bypassing alterations in VEGF. In agreement with this hypothesis, another study observed no alterations in VEGF serum levels in lung cancer patients receiving LDM chemotherapy with cisplatin [51] .
Finally, there also exist certain studies that observed no antiangiogenic effects of cisplatin in vivo. As such, cisplatin did not elicit an antiangiogenic response in mice xenografted with H358 [52] , which contradicts our findings with the same cell line. However, in the cited study, mice were treated with 5 mg/kg cisplatin only once per week without yielding growth inhibitory effects on H358 xenografts within a period of 22 days. Thus, both the dose and schedule may be insufficient to yield inhibition of angiogenesis in vivo, probably due to the short half-life of cisplatin [20] . Similarly, cisplatin treatment at 0.25 mg/kg twice per week did not confer inhibition of tumor angiogenesis in a rat bladder cancer model [53] . Another study found that 5 mg/kg cisplatin administered 3 times per week had no effect on angiogenesis in mice transplanted with reassembled tumors consisting of HDMECs and an oral squamous cell carcinoma cell line embedded in Matrigel [34] . Conversely, a weekly treatment of mice with 4 mg/kg cisplatin over 3 weeks was sufficient to inhibit tumor angiogenesis in a xenograft model of ovarian cancer [11] . Thus, the antiangiogenic efficacy of cisplatin apparently depends on dosage, frequency of administration, cancer type, and specifics of the experimental setting.
With respect to the broad spectrum of severe side effects of cisplatin when used at high dosage, LDM regimens have recently gained attention. In fact, LDM chemotherapy targeted at inhibiting tumor neovascularization with reduced toxicity in healthy tissue may be an effective and safe treatment option for drugresistant cancers [54, 55] . The mechanisms involved in such treatment regimes are currently under intensive investigation. In addition to demonstrating antiangiogenic effects of low cisplatin concentrations, the present data also argue in favor of low-dose treatment regimes in view www.oncotarget.com of the remarkable toxicity of cisplatin toward the noncancer bronchial epithelial cell line, BEAS-2B.
Collectively, the data presented here suggest that cisplatin-induced TIMP-1 release from cancer but not noncancer cells is a crucial event that causes a reduction in the angiogenic capability of endothelial cells. This cisplatintriggered cell-to-cell communication, resulting in the inhibition of angiogenic features of endothelial cells, may represent a novel mechanism by which lower, non-toxic concentrations of cisplatin may exert anticarcinogenic effects at a clinically relevant level.
MATERIALS AND METHODS
Materials
Aprotinin, cisplatin (cis-diamminedichloroplatinum(II)), p-coumaric acid, ethanol, N, N-dimethylformamide (DMF), luminol, orthovanadate, and phenylmethylsulfonyl fluoride (PMSF) were obtained from Sigma-Aldrich (Taufkirchen, Germany). Dulbecco's modified Eagle's medium (DMEM) with 4 mM L-glutamine and 4.5 mg/ml glucose was obtained from Lonza (Cologne, Germany). Fetal calf serum (FCS) and phosphate-buffered saline (PBS) were purchased from PAN Biotech (Aidenbach, Germany). Leupeptin was purchased from Biomol (Hamburg, Germany). Dimethyl sulfoxide (DMSO), ethylenediaminetetraacetic acid (EDTA), glycerol, hydrogen peroxide (H 2 O 2 ), sodium chloride (NaCl), Tris hydrochloride (Tris-HCl), and Tris ultrapure were purchased from AppliChem (Darmstadt, Germany). PD98059 was purchased from Tocris Bioscience (Wiesbaden-Nordenstadt, Germany), and penicillin-streptomycin was bought from Invitrogen (Darmstadt, Germany). 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) was obtained from Ferak (Berlin, Germany), and SB203580 was purchased from Enzo Life Sciences (Lörrach, Germany). Triton ® X-100 was bought from Roth (Karlsruhe, Germany). 
Cell culture
Analysis of cellular viability
Cellular viability was determined using the colorimetric WST-1 assay (Sigma-Aldrich). This cell viability test is based on the cleavage of the tetrazolium salt, WST-1 (4-[3-(4-Iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1.3-benzene disulfonate), by mitochondrial succinate-tetrazolium-reductase in metabolically active cells. For assessment of HUVEC viability following direct exposure to cisplatin, HUVECs seeded at a density of 5 × 10 3 cells per well on 96-well plates were allowed to adhere for 6 h in Endothelial Cell Growth Medium (PromoCell) (Figure 2 ). Subsequently, cells were washed and incubated with vehicle or test substances in serum-free DMEM for 24 h. For viability tests using A549, H358, or BEAS-2B cells (Figure 1 ), 1 × 10 4 cells were seeded onto 96-well plates in DMEM containing 10% FCS. After 24 h, media were www.oncotarget.com removed, cells were washed with PBS, and subsequently stimulated with the indicated concentrations of cisplatin for 48 h in serum-free DMEM. To evaluate the effects of CM from A549, H358, or BEAS-2B cells on the viability of HUVECs ( Figures 3A, 3C , 5A, 5C, 7A), cells were treated according to the aforementioned treatment protocols.
Migration assay
The effect of test substances on the migration of HUVECs was determined using uncoated Falcon ® Cell Culture Inserts (Corning Inc., Corning, NY, USA) in 24-well plates as previously described [25] . In this modified Boyden chamber assay, cellular motility is monitored by transmigration through pores with a diameter of 8 µm towards a chemoattractant. Briefly, after resuspension of 1 × 10 5 HUVECs per sample in CM obtained from lung cancer or BEAS-2B cells, the HUVEC/CM suspensions were seeded onto the upper chambers. DMEM containing 10% FCS was added as a chemoattractant to the lower companion plate. Neither conditioned media nor unconditioned media (UCM) contained serum.
For assessment of the direct effects of cisplatin on HUVEC migration (Figure 2 ), cells were suspended in serum-free DMEM containing vehicle or the indicated concentrations of cisplatin. Thereafter, DMEM containing 10% FCS, serving as a chemoattractant, was loaded into the lower companion plate, and the incubations continued for a further 24 h. Finally, the stationary cells on the upper surface of the inserts were removed with a cotton swab. For calculation of migration, the viability of the migrated cells adhering to the lower sides of uncoated cell culture inserts was determined using the "WST-1 assay".
Non-contact co-cultures
Additionally, we tested the migration of HUVECs in a non-contact co-culture system using cell culture inserts. For this purpose, A549 and H358 cells were seeded at a density of 1 × 10 5 cells and grown to confluence in DMEM containing 10% (v/v) FCS for 24 h on 24-well plates. Subsequently, A549 and H358 cells were washed with PBS and treated with vehicle or cisplatin in a final volume of 300 µl serum-free DMEM for 48 h. Thereafter, HUVECs seeded into the upper chambers in serum-free DMEM at a density of 1 × 10 5 HUVECs per insert were placed into a 24-well plate containing the pretreated cancer cells to allow for migration over a further 24 h.
Tube formation assay
The tube formation assay is based on the finding that in vitro organisation of endothelial cells into capillarylike networks on Matrigel layers mimics cellular behavior of an angiogenic process in vivo [56] . To visualize ( Figure  3B ) and quantify the angiogenic potential of cisplatin or CM obtained from A549, H358, or BEAS-2B cells on HUVECs, tube formation assays were performed on Matrigel-coated 48-well plates as described previously, with slight modifications [25] . In brief, 48-well plates were coated with 30 µl per well ice-chilled Matrigel ® Matrix Basement Membrane (BD Biosciences) and allowed to polymerize at 37° C for 1 h.
HUVECs were resuspended in serum-free DMEM containing vehicle (indicated as UCM in Figures 3  and 7A ), in serum-free CM from A549, H358, or BEAS-2B cells (Figures 3, 5A, 5C , 6A, 6C, and 7A) or in serumfree DMEM containing vehicle or cisplatin (Figure 2 ) and seeded at a density of 5 × 10 4 cells in a volume of 200 µl per well onto Matrigel-coated 48-well plates. For similar experiments previously published by our group, an incubation time of 24 h was used for tube formation assays [25] . As in the present study a 2-h incubation was sufficient for HUVEC to form closed intersections, this incubation time was chosen for read-out. Tube formation was photographed and quantitatively analyzed in total microscopic fields by counting the number of tube-like structures forming closed intersections in an investigatorblinded fashion.
Western blotting analysis
For analysis of protein levels, A549, H358, and BEAS-2B cells were seeded onto 48-well plates at a density of 1 × 10 5 cells per well ( Figures 4A, 4B , 5B, 5D, 6B, 6D and 7B). Subsequently, cells were washed and incubated with vehicle or cisplatin in serum-free DMEM ( Figures 4A, 4B , 6B, 6D and 7B) or transfected according to the protocol mentioned under "siRNA transfection" (Figure 5B, 5D) . Following a 48-h incubation period, CM were used for western blotting analyses of TIMP-1 and MMP-2, and the respective cell lysates were used for further analysis of β-actin.
CM were collected, centrifuged at 1300 × g for 5 min, and used for subsequent western blotting analysis of TIMP-1 and MMP-2. For analysis of β-actin, cells were lysed in solubilization buffer (50 mM HEPES pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% [v/v] Triton ® X-100, 10% [v/v] glycerol, 1 mM PMSF, 1 mM orthovanadate, 1 µg/ml leupeptin, 10 µg/ml aprotinin) and centrifuged at 10,000 × g for 5 min. Supernatants were used for western blotting analysis.
Total protein amounts of cell lysates were determined using the bicinchoninic acid assay (Pierce, Rockford, IL, USA). Equal amounts of protein from cell lysates (β-actin) and equal volumes of CM (TIMP-1, MMP-2) were separated using 10% sodium dodecyl sulfate-polyacrylamide (Applichem) gels and subsequently transferred to nitrocellulose membranes (Roth), which were then blocked in 5% Blotting Grade Blocker (BioRad, Munich, Germany). Due to the lack of a housekeeping protein secreted into CM, TIMP-1 western blotting analysis of CM was supplemented with β-actin analysis of the respective cell lysates to monitor possible toxic effects.
Blots were probed with specific primary antibodies raised against β-actin (Sigma-Aldrich), TIMP- 
siRNA transfection
siRNA transfection was performed using the Lipofectamine™ RNAiMAX reagent (Thermo Fisher Scientific, Schwerte, Germany) according to the manufacturer's manual indicated under "Reverse Transfection" with slight modifications. RNAiLipofectamine™ RNAiMAX complexes were prepared in Opti-MEM ® I Reduced-Serum Medium containing 0.2 µl Lipofectamine™ RNAiMAX per 100 µl. Subsequently, RNA suspension buffer without siRNA (first and second triplet in Figure 5A and 5C; first and second lane in the western blots in Figure 5B and 5D), with TIMP-1 siRNA (Qiagen, Hilden, Germany), or with a non-silencing control sequence siRNA (nonsi; Eurogentec [Cologne, Germany]) were added. Dilutions were mixed, 100 µl was preloaded into each well of a 48-well plate, and incubated for 10-20 min. Finally, 1 × 10 5 A549 or H358 cells suspended in a volume of 500 µl DMEM containing 10% FCS were added to each well, yielding a final concentration of 2 nM TIMP-1 siRNA and non-silencing siRNA, respectively. Following a 24-h incubation period, cells were washed and treated with vehicle or cisplatin in 300 µl serum free-DMEM. After a further 48 h, CM were collected, centrifuged at 1300 × g for 5 min, and used to either prepare HUVEC suspensions for subsequent functional assays or to perform western blotting analysis of TIMP-1. For analysis of β-actin, cell lysates were used according to the protocol indicated under "Western blotting analysis".
Quantitative real-time RT-PCR
Quantitative analysis of mRNA was carried out as described previously [57] , with slight modifications. Briefly, 2.5 × 10 4 cells were seeded onto 24-well plates in DMEM containing 10% FCS. After 24 h, cells were washed and stimulated with vehicle or the indicated concentrations of cisplatin for 8 h, 24 h, or 48 h. Total RNA was isolated using the RNeasy Mini Kit (Qiagen GmbH). β-Actin (internal standard) and TIMP-1 mRNA levels were determined by real-time reverse transcriptase PCR (RT-PCR) using the TaqMan ® RNA-to-CT™ 1-Step Kit and TaqMan ® Gene Expression Assays (Applied Biosystems, Darmstadt, Germany) according to the manufacturer's instructions.
Statistics
Comparisons among groups were carried out with one-way ANOVA followed by post-hoc Bonferroni or Dunnett tests. In Figure 5 , evaluation of statistical significance was confined to the respective groups of interest: vehicle controls (first triplet) versus cisplatintreated cells (second triplet) and groups of the second triplet versus cisplatin-treated cells in the presence of TIMP-1 siRNA (third triplet). IC 50 values were calculated by nonlinear regression of log(inhibitor) vs. response using least squares as the fitting method in a 4-parameter calculation with a variable slope. Concentrations (X) were transformed into log(X). Nonlinear regression was calculated using the formula: Y = Bottom + (Top-Bottom)/(1+10^((LogIC50-X) * Hill Slope)). Bottom and top are plateaus of minimal (defined as 100% viability) or maximal (defined as 0% viability) loss of viability in response to the concentrations (X). IC 50 represents loss of viability halfway between the bottom and top. All statistical analyses were performed using GraphPad Prism 5.00 (GraphPad Software, San Diego, CA). 
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